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ABSTRACT 



Active galaxies are the most powerful engines in the Uni- 
verse for converting gravitational energy into radiation, 
and their study at all epochs of evolution is therefore im- 
portant. Powerful radio-loud quasars and radio galaxies 
have the added advantage that, since their radio jets need 
X-ray-emitting gas as a medium in which to propagate, 
the sources can be used as cosmological probes to trace 
significant atmospheres at high redshift. The radio emis- 
sion can be used as a measure of source orientation, and 
sensitive X-ray measurements, especially when used in 
combination with multi-wavelength data, can be used to 
derive important results on the physical structures on a 
range of sizes from the cores to the large-scale compo- 
nents. In this paper we present new results on a signif- 
icant sample of powerful radio galaxies and quasars at 
z > 0.5, drawn from the 3CRR catalogue and selected to 
sample a full range of source orientation. Using high- 
quality observations from XMM-Newton and Chandra, 
we discuss the X-ray properties of the cores, jets, lobes 
and cluster gas, and, through the incorporation of multi- 
wavelength data, draw conclusions about the nature of the 
emission from the different components. 

Key words: active galaxies, radio galaxies, high redshift, 
quasars, general. X-ray, synchrotron, inverse Compton. 



1. INTRODUCTION 

Powerful (Pi78MHz > 5 X 10^'' W s"! Hz-i) radio 
sources are visible across the Universe and can thus be 
used to probe a number of physical conditions at high 
redshift, from accretion processes to Active Galactic Nu- 
cleus (AGN) environments at early epochs. On small 
scales. X-ray emission from the central AGN can be used 
to probe the process of converting gravitational energy 
into radiation, as spectral and variability studies have 
shown that at least some of the X-ray emission comes 
from regions very close to the central engine. At least 



part of the X-ray emission is expected to be anisotropic 
as a result of relativistic beaming and anisotropic absorp- 
tion. In particular. Unification Models explain the ob- 
served differences among AGNs as the result of their ori- 
entation with respect to the line of sight (e.g. Barthe^ 
ll989HUrrv & Padovanl 19951) . and an optically thick ob- 
scuring torus is invoked to hide the nucleus of objects 
(namely radio galaxies) viewed at large angles to the jet 
axis (e.g. lBartheli989li . 

To understand the accretion mechanism(s) we need to un- 
derstand orientation effects, especially in X-ray selected 
samples. In the simple picture of an obscuring torus, 
quasar light heats the gas and dust of the torus and ther- 
mal radiation is re-emitted isotropically in the mid/far- 
infrared in order to maintain energy balance in the inner 
regions. Thus, in principle, far-infrared radiation should 
provide an orientation-independent measure of the emit- 
ted power from the central engine. The sensitivity in the 
mid/far-infrared of the Spitzer satellite provides for the 
first time the possibility to test this hypothesis for a large 
number of objects. 

On larger spatial scales, extended X-ray emission is 
observed from spatial regions coincident with the ra- 
dio lobes, and the combination of the X-ray and ra- 
dio radiation can be used to measure the particle con- 
tent and magnetic field in the radio lobes. In ad- 
dition, the well collimated relativistic jets associated 
with these sources, require a medium in which to 
propagate. As a result powerful high redshift ra- 
dio galaxies are potential tracers of the formation and 
evolution of the most massive galaxies and clusters 
(e.g. ICrawford & Fabian 2003; Hai'dcastle & Worralj 
119991 IWorrall etaL.200D . Powerful radio sources are 
thus key objects to understand the cosmological evolu- 
tion of accretion/radiation mechanisms, relativistic ef- 
fects and plas ma ph ysics in the early Unive rse (e.g., 
Brunetti et a ll l2001t [H ardcastle, Birkinshaw & Worralll 
1200 k .Marshall et alJ200S:.Overzier et al..20o£ 

In this paper we present high-quality X-ray observations 
obtained with Chandra and XMM-Newton of 19 sources 
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in the redshift range 0.5 < z < 1.0, which are mostly 
part of a larger sample of Faranoff-Riley type II (FRII) 
radio galaxies and quasars currently being observed with 
Spitzer. We discuss the properties of the core and parti- 
cle content of the radio lobes and we present preliminary 
results on the cluster-like environment of these sources. 

Throughout this paper we use the concordance cosmol- 
ogy with ho = Ho/IQQ km s^^ Mpc"^ = 0.7, = 
0.3, r^A = 0.7. If not otherwise stated, quoted errors are 
la for one interesting parameter. 



2. THE SAMPLE 



Low-radio-frequency optically-thin synchrotron radia- 
tion from the radio lobes of radio-loud sources should 
be isotropic. Thus, selection of objects via their low- 
frequency radio emission represents the most reliable 
method for selecting an orientation-unbiased sample. 
The sample discussed in this paper is composed of 19 
sources at redshift 0.5 < z < 1.0, selected from the 
3CRR catalogue ( Laing. Rilev & Longair, 1983) at 178 
MHz, and having Chandra or XMM-Newton observa- 
tions. This work does not aim at statistically testing uni- 
fication models, for which a random selection from the 
parent sample would be necessary. Instead we intend to 
look for differences in the X-ray emitting components be- 
tween quasars and radio galaxies, as would be expected in 
unification schemes. The sources are also being observed 
with Spitzer and their selection as part of a larger sample 
was based on convenient scheduling of Spitzer observa- 
tions. 

Chandra or XMM-Newton observations of 9 sources 
(3C184, 3C200, 3C 220.1, 3C228, 3C263, 3C 275.1, 
3C292, 3C330, 3C334) were awarded to us in support 
of various projects, while data for the remaining sources 
were extracted from the Chandra archive. Table [2 lists 
the sources used in this work. Our analysis of the lobe 
emission was performed with a larger sample, including 
sources at lower and higher redshift to th ose detailed in 
Table [2 For a full list of these sources see lCroston et alJ 
( 2005) . 



3. THE PROPERTIES OF THE CORES 



High-frequency nuclear radio emission probes sub- 
arcsecond scales of radio-loud sources, and is explained 
as synchrotron radiation from the unresolved bases of 
relativistic jets, which is anisotropic due to relativis- 
tic beaming. The correlation found using ROSAT 
data between the nuclear, soft X-ray emission and the 
core radi o emission of pow erful radi o-loud AGN (e.g. 
iHardcastl e & WorralllfT999l iBrinkma nn. Yuan & Sieb^ 
ri997) suggests that at least part of the soft X-ray emis- 
sion is also relativistic ally beamed and originates at the 
base of the jet. The correlation is very tight for core- 
dominated quasars (CDQs), i.e. those source having jets 



pointing to small angles to the line of sight. Another sub- 
class of object, lobe-dominated quasars (LDQs), were 
found to lie above the flux-flux correlation valid for 
CDQs (Worrall et al., 1994), supporting the idea that 
lobe-dominated quasars are viewed at an angle to the line 
of sight such that the observer sees in X-ray both the jet- 
dominated component and a more isotropically emitted, 
probably nucleus-related component, with the two com- 
ponents being more similar in flux density than for the 
CDQs. For those sources viewed on the plane of the 
sky (t hus strongly o bscured by a torus) the picture is less 
clear. I Worrall et alJ {1994) found that the core soft X-ray 
emission of the galaxy 3C280 lies on an extrapolation 
of the correlation obtained for CDQs, and interpreted the 
result as due to X-ray emission from a jet-related compo- 
nent, with the nucleus-related component being obscured 
by a torus. In this picture, nucleus-related X-ray emission 
in radio galaxies would be seen only at hard (> 2.5 keV) 
energies and its characteristics have been essentially un- 
known before Chandra and XMM-Newton observations. 



3.1. Results 

Chandra and XMM-Newton observations allow us to an- 
swer some of the still open questions about the nature of 
X-ray emission from the nuclear region of high-redshift 
radio sources: 



1 . Do RGs have more absorbed cores than QSOs? 

Spectral analysis of 10 radio galaxies in the sample 
show that 70% of them display an absorbed nuclear 
component with intrinsic absorption ranging from 
0.2 to 50 xlO^^ cm^^. We do not find absorption 
above Galactic value for any of the quasars in the 
sample. 

2. If soft X-ray emission is jet-related, a correlation 
should exist between core radio emission and a 
soft X-ray unabsorbed component of RGs and 
CDQs. 

We correlate core radio luminosity density at 5 GHz 
to soft, 1-keV X-ray luminosity density of an unab- 
sorbed component in all the sources in our sample 
(Figure^. We confirm previous results found with 
ROSAT about the tight correlation valid for CDQs, 
and the position above the correlation for LDQs. 
The 1-keV emission from the 10 RGs, which is in- 
terpreted as jet-related in CDQs, lies above the cor- 
relation valid for CDQs, suggesting that the mecha- 
nism responsible for the unabsorbed X-ray emission 
in the two subclasses of sources may be different. 

3. Are the two populations (RGs and QSOs) differ- 
ent in their X-ray spectral properties? 

Radio-loud (core-dominated or blazar-type) quasars 
are found to have flatter spectral index , i.e. F ^ 
1.5 (e.g., Worrall & Wilkes 1990, Brinkmann et alJ 
1200 0) in comparison to the values of F 2 more 
commonly found in their radio-quiet counterparts 
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Table 1. The sample. Galactic column density is from \Dickev & LockmaA \199 (J): NRLG means Narrow Line Radio 
Galaxy; LERG means low -excitation radio galaxy. Redshifts and positions are taken from .Laine et al.Al983^ 



Source 


RA(J2000) 


Dec(J2000) 


redshift 


scale 


type 






li ni s 






arcsec/kpc 




10^" cm 


3C6.1 


00 16 30.99 


+79 16 50.88 


0.840 


7.63 


NLRG 


14.80 


3C184 


07 39 24.31 


+70 23 10.74 


0.994 


8.00 


NLRG 


3.45 


3C200 


08 27 25.44 


+29 18 46.51 


0.458 


5.82 


NLRG 


3.7 


3C207 


08 40 47.58 


+ 13 12 23.37 


0.684 


7.08 


QSO 


4.1 


3C 220.1 


09 32 39.65 


+79 06 31.53 


0.61 


6.73 


NLRG 


L8 


3C228 


09 50 10.70 


+ 14 20 00.07 


0.552 


6.42 


NLRG 


3.18 


3C254 


11 14 38.71 


+40 37 20.29 


0.734 


7.28 


QSO 


1.90 


3C263 


11 39 57.03 


+65 47 49.47 


0.656 


6.96 


QSO 


1.18 


3C265 


1 1 45 28.99 


+31 33 49.43 


0.811 


7.54 


NLRG 


1.90 


3C 275.1 


12 43 57.67 


+ 16 22 53.22 


0.557 


6.40 


QSO 


1.99 


3C280 


12 56 57.85 


+47 20 20.30 


0.996 


8.00 


NLRG 


1.13 


3C292 


13 50 41.95 


+64 29 35.40 


0.713 


6.90 


NLRG 


2.17 


3C 309.1 


14 59 07.60 


+71 40 19.89 


0.904 


7.80 


GPS-QSO 


2.30 


3C330 


16 09 34.71 


+65 56 37.40 


0.549 


6.41 


NLRG 


2.81 


3C334 


16 20 21.85 


+ 17 36 23.12 


0.555 


6.38 


QSO 


4.24 


3C345 


16 42 58.80 


+39 48 36.85 


0.594 


6.66 


core-dom QSO 


1.13 


3C380 


18 29 31.78 


+48 44 46.45 


0.691 


7.11 


core-dom QSO 


5.67 


3C 427.1 


21 04 06.38 


+76 33 11.59 


0.572 


6.49 


LERG 


10.90 


3C 454.3 


22 53 57.76 


+ 16 08 53.72 


0.859 


7.68 


core-dom QSO 


6.50 



(e.g. 'Brinkmann et al.'2000'. 'Re eves & Turn er'2000t 
^Galbiati et al. 2005). The flat spectrum has been 
interpreted as the result of beamed emission from 
the jet. However, for RGs it is in principle possi- 
ble to separate X-ray emission which is unobscured 
and jet-related from obscured (possibly) accretion- 
related emission. From our analysis we find that the 
average spectral index (Figure|2 the absorbed com- 
ponent is here considered for RGs) for all sources is 
< r > = 1.55 ± 0.05, for RGs alone is < Trg > = 
1.57±0.03,forCDQs< Tcdq > = 1.45±G.06,and 
forLDQs < Tldq > = 1.59±0.09. This shows that 
RGs absorbed emission behaves more similarly to 
the spectral behaviour of radio-loud quasars (RLQs) 
than radio-quiet quasars (RQQs). 

Interestingly, the spectral index of the RG unab- 
sorbed X-ray emission at low energy is rather steep, 
with a average of < F > = 2.05 ± 0.25. This is indi- 
cation that the emission mechanism responsible for 
the unabsorbed emission in RGs and QSOs may be 
different. 



Conclusions 




1023 1 024 ,025 1 026 ^ Q27 ^ Q28 ^ q2- 

5 — GHz core Luminosity density (W Hz"' sr"') 



Figure 1. Luminosity-Luminosity relation. Filled boxes 
are RGs, asterisks are LDQs and star CDQs. Errors bars 
show la uncertainties. When these are not visible it is be- 
cause errors are smaller than symbols. Upper limits are 
at the 3a level. The continuous line is the best-fit regres- 
sion to the sample of CDQs only. The dot-dashed line is 
the regression to the whole sample, while the dashed line 
fits the sample composed of CDQs and RGs 



3.2. 



Several results support a simple unification model to ex- 
plain the X-ray emission from high-redshift radio loud 
sources; 
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All sources spectral index distribution 
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Figure 2. Spectral index distribution for the whole sam- 
ple. The dashed histogram illustrates the distribution of 
the absorbed components of radio galaxies, and empty 
boxes represent quasars. 

• RGs display higher intrinsic absorption than QSOs 
(as expected if a torus is present); 

• the unabsorbed X-ray component observed in RGs 
(and QSOs) correlates with the radio core, implying 
that this emission is most likely jet related. How- 
ever the steeper spectrum observed in RGs is con- 
sistent with synchrotron emission as the mechanism 
responsible for this emission in RGs. On the other 
hand, 

• the flattening of the flux-flux relation (as well as the 
luminosity-luminosity relation) for CDQs, i.e. the 
source is under-luminous in X-ray for a given radio 
flux, is consistent with IC becoming dominant with 
decreasing angle to the line of sight; 

• LDQs have more X-ray emission than would be ex- 
pected from a jet component alone suggesting a pos- 
sible contribution to the spectrum from both jet- 
related and accretion-related emission mechanisms. 

The new and surprising result we find from our analy- 
sis is the flat slope describing the absorbed X-ray spec- 
trum of RGs. In particular its value is flatter than that ob- 
served for RQQs. This seems to indicate that jet emission 
dominates over a possible more heavily absorbed core, as 
verified by simulations jBelsole. Worrall & Hardcastlel 
12006ft . However, we cannot rule out that RLQs and RQQs 
engines are different. 



4. EXTENDED EMISSION FROM THE RADIO 
LOBES 



Radio synchrotron emission from radio lobes is a func- 
tion of electron density and magnetic field strength. The 
combination of radio observations with resolved X-ray 



observations allows us to decouple these two quantities 
since electron density is directly measurable from the 
inverse Compton (IC) emission observed in the X-rays. 
This may help in solving the issue of particle content and 
magnetic field strength in radio lobes. 

The particle content in radio galaxies and quasars is still 
under debate. Possible interpretations are electron-proton 
jets (e.g., Celotti & Fabian 1993) a nd electron-positro n 
jets (e.g., Wardleetal. 1998; Kino & Ta kahara 2004). 
Although relativistic protons are not directly observable 
by IC emission, results consistent with equipartition be- 
tween the magnetic field and electron energy densities 
represent an indirect means to disfavour models in which 
a substantial contribution to the energ y density is pro- 
vided by a population of protons (e.g.. iHardcastle et alJ 
l2004llCroston et alJ2004l) . 

In this paper we summarise the results obtained from the 
analysis of Chandra and XMM-Newton observation of 33 
classical double radio galaxies a nd their radio lobes. De- 
tail of this work are described in lCroston et alJ ( l2005h . 



4.1. Results 

The X-ray observations available allow us to resolve 
emission from 38 lobes and upper limits for another 16 
lobes. Of the 38 lobes with detection, 8 have sufficient 
counts to perform spectral analysis. 

The properties of the lobes in our sample were investi- 
gated by computing the ratio (i?) of the observed to pre- 
dicted X-ray flux at equipartition. The predicted flux was 
obtained by modelling of the IC and synchrotron emis- 
sion using the radio flux densities at different frequencies 
to normalise the synchrotron spectrum. A broken power 
law electron distribution with initial electron energy in- 
dex 5 = 2, 7miii =10 and 7inax = 10^, and a break en- 
ergy in the range 7brcak = 1200 — 10, 000 was used. The 
prediction for the CMB IC and SSC at 1 keV was deter- 
mined on the basis of the modelled synchrotron spectrum 
for each source assuming equipartition between radiating 
particles and magnetic field. In this definition i? = 1 
means that the CMB and SSC model with an equiparti- 
tion magnetic field and a filling factor of unity can ex- 
plain the observed X-ray flux. R > \ indicates that either 
the magnetic field is lower than the equipartition value, 
i. e., the lobes are electron dominated, or an additional 
photon field is present. R < \ implies magnetic field 
domination. 

Figure|3lshows the histogram of R for the detected lobes. 
The majority of sources have R > \ and appear to be 
distributed around R ^ 2. 

We also examined whether the observed i?-value is re- 
lated to the type of radio source by comparing the distri- 
bution of R for narrow-line and broad-line objects. We 
observe that broad-line quasars have a tendency to dis- 
play higher value of R (Figure O. We demonstrated 
JCroston et all l2005h that projection effects are likely 
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Figure 3. Distribution of R-parameter for the detected lobe samp le (Left), and R distri bution of the narrow-line (hatched 
rectangles) and broad line (filled rectangles) objects discussed in \Croston et al\ l l20Q5l) (Right). 



to be important in explaining the distribution of the ob- 
served i?-values, although other possibilities cannot be 
ruled out. 



4.2. Conclusions 

Our study shows that more than 70% of the sources in 
the sample are at equipartition or electron dominated. 
The distribution of the i?-values, with a peak around 
R ^ 2 indicates that most of the source magnetic fields 
are within 35% of equipartition, or electron dominance 
(Ue/Ub) by a factor of ^ 5. Some sources can be mag- 
netically dominated by at least a factor of 2. These results 
disfavour models in which FRII lobes have an energeti- 
cally dominant population of relativistic protons which 
are also in equipartition with the magnetic field. 



5. ENVIRONMENT OF RADIO SOURCES AND 
THE SEARCH OF HIGH-REDSHIFT CLUS- 
TERS 



Because of the propagation of radio jets, radio galaxies 
are expected to lie in an external medium dense enough to 
confine their relativistic jets. The combination of this hy- 
pothesis with the visibility of radio galaxies at high red- 
shift suggested that these objects can be used as tracers 
of high-redshift galaxy clusters, by looking for hot intra- 
cluster medium around them in X-rays. 

Observations wit h the ROSAT satellite were promising in 
this context (e.g.,'Crawford & Fabian" 1 993'; 'Worrall et al.' 
Q994; Crawford et al. 1999; Hardcastle & Worrall 1999), 
with detection of cluster-like emission around some of 
the z > 0.5 sources in the 3CRR catalogue. 



Chandra and XMM-Newton make it now possible to de- 
tect and study the environment of high redshift radio 
galaxies in great detail, and to separate spatially and spec- 
trally the different components (core, lobes, jets) respon- 
sible for the X-ray emission from these sources. The pic- 
ture from Chandra and XMM-Newton is rather different 
from that of previous satellites. 



5.1. The current picture: results from Chandra and 
XMM-Newton 

Preliminary results for sources analysed so far are 
shown in Figure 0] Published work in the litera- 
ture, and here assembled, shows that most of the ra- 
dio galaxies and quasars in the redshift range 0.5 < 
z < 1.0 show a tendency to lie in extended envi- 
ronments with l uminosities of few lO'^'^h^n erg s^^ 
(e.g. [Ha rdcastle et al.ll2002t ICrawfo rd & Fabian 2003; 
'Donahue, Dalv &^ornei"2003^ see Fig. 1^. Only few 
objects have been confirmed spectroscopic ally (3C220. 1 
- Won-alletal. 2001, 3C184 and 3C292 - iBelsole et all 
i2004.) . Indeed most of the X-ray emission associated 
with these and other sources was fo und to be elongated 
in the direction of the radio lobes ('Carilli et al.', 2002; 
Hardcastle et al., 2002; .Donahue. Dalv & Horner. .2003 ; 
ICroston etalil2005l) 

Despite the low surface brightness emission from these 
objects, most of these environments are sufficient to 
confine the radio lo bes (e.g. Hardcastle et al. 2002; 
iDonahue. Dalv & Horneil2003tlBelsole et alJ2004l) . 

The preliminary picture we observe from our study is 
suggesting that radio sources at high redshift trace a par- 
ticular type of environment, i.e. they prefer poor environ- 
ments at high redshift. This also supports that they may 
represent a means to built up a more unbiased sample for 
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Figure 4. Distribution of the bolometric X-ray luminos- 
ity of 3CRR sources with detected extended, cluster-like 
emission. 

structures in the high-redshift Universe, where massive 
clusters are expected to be fewer in the hierarchical for- 
mation paradigm. 

This calls for a systematic study of a well selected sam- 
ple of radio sources, and the 3CRR catalogue is a good 
starting point. 

Work on the detection of extended emission from the 
sources in Table[2is under way. Our full study will allow 
us not only to probe the characteristics of the extended 
emission, but also to constrain the physical state of the 
radio source itself by comparing the internal and external 
pressure of the radio lobes. 
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